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Abstract

We examine the role of the conformational restriction imposed by constrained ends of a protein loop on the de-
termination of a strained loop conformation. The Lys 116-Pro 117 peptide bond of staphylococcal nuclease A
exists in equilibrium between the cis and trans isomers. The folded protein favors the strained cis isomer with an
occupancy of 90%. This peptide bond is contained in a solvent-exposed, flexible loop of residues 112-117 whose
ends are anchored by Val 111 and Asn 118. Asn 118 is constrained by 2 side-chain hydrogen bonds. We investi-
gate the importance of this constraint by replacing Asn 118 with aspartate, alanine, and glycine. We found that
removing 1 or more of the hydrogen bonds observed in Asn 118 stabilizes the trans configuration over the cis con-
figuration. By protonating the Asp 118 side chain of N118D through decreased pH, the hydrogen bonding char-
acter of Asp 118 approached that of Asn 118 in nuclease A, and the cis configuration was stabilized relative to
the trans configuration. These data suggest that the rigid anchoring of the loop end is important in establishing
the strained cis conformation. The segment of residues 112-117 in nuclease A provides a promising model sys-
tem for study of the basic principles that determine polypeptide conformations. Such studies could be useful in
the rational design or redesign of protein molecules.
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Protein molecules generally adopt a tertiary structure in which
backbone and side-chain conformations are arranged in local
energy minima. Strained conformations such as cis peptide
bonds or eclipsed side-chain rotamers are rarely found. How-
ever, in several well-refined protein structures, examples of such
locally strained geometries have been observed, usually involv-
ing a residue in the enzyme active site (Herzberg & Moult, 1991).
Clearly in such cases, some kind of stress or deforming force in-
herent to the structure must cause the resulting strain or defor-
mation. Although the quality of the crystal structures involved
leaves little doubt concerning the correctness of these observa-
tions, mechanisms by which the stress is imposed in order to fa-
vor locally strained conformations remain unclear.

Several examples exist in short peptide molecules where con-
formational strain, such as a cis peptide bond, is induced
through conformational restriction, such as covalent linkage.
For example, the cyclic hexapeptide analog of somatostatin,
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c[Pro-Phe-p-Trp-Lys-Thr-Phe], contains a Phe-Pro cis peptide
bond “bridging” the ends of the peptide (Kessler et al., 1983;
Huang et al., 1992). The stress is induced by the combination
of the restriction of the peptide conformation space by rigid an-
chorage of the ends of the chain, and the restriction of confor-
mation space imposed by its amino acid sequence. By extension,
a strained conformation in a protein molecule would also be a
product of conformational restraints and limited intrinsic con-
formation space. However, many times the anchorage of a pep-
tide segment in a protein is not constrained by a single covalent
linkage but consists of a number of cooperative low energy in-
teractions, such as hydrogen bonds and Van der Waals interac-
tions, specifically arranged by the protein fold.

We have examined a strained polypeptide segment in strain
Foggi staphylococcal nuclease A, the Ca®*-dependent nuclease
of Staphylococcus aureus. Staphylococcal nuclease, a small pro-
tein (149 residues) lacking disulfide bridges, has been the sub-
ject of many early protein folding studies (reviewed by Tucker
et al., 1979) and of recently renewed interest (Calderon et al.,
1985; Serpersu et al., 1985; Shortle & Meeker, 1986; Kuwajima
et al., 1991). The crystal structures of nuclease (Hynes & Fox,
1991) and the nuclease-Ca**-pdTp complex (Cotton et al.,
1979; Loll & Lattman, 1989) have been refined to high resolu-
tion. NMR studies of nuclease have revealed a slow exchange
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between 2 folded conformations observed as multiple resonances
for each of the His 8, His 121, and His 124 H¢! protons (Fox
et al., 1986). This conformational heterogeneity was shown to
be due to a mixture of cis and frans isomers at the Lys 116-
Pro 117 peptide bond in an equilibrium that favors the cis con-
figuration with a fractional occupancy of 90% (Evans et al.,
1987, 1989; Wang et al., 1990). Unfolded nuclease and a pep-
tide analog of this segment favor the frans isomer of the
Lys 116-Pro 117 peptide bond (Evans et al., 1987; Raleigh et al.,
1992). Thus, the cis configuration of the loop found in the na-
tive molecule is a strained element.

We have previously proposed that the stress which causes the
strained cis 116-117 peptide bond originates in the anchorage
of the ends of the loop segment of residues 112-117 by residues
Val 111 and Asn 118 (Hodel et al., 1993). Evidence for the iden-
tification of Val 111 and Asn 118 as the anchor points is found
in numerous X-ray crystal structures of nuclease variants with
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substitutions in the loop region. Figure 1A and Kinemage 1 show
the crystal structures of nuclease A (Hynes & Fox, 1991) and its
variants, K116A, K116G (Hodel et al., 1993), K116E, K116D
(Hodel et al., in prep.), P117G, P117A, and P117T (Hynes
et al., 1994). These 8 structures represent S different loop con-
formations, including both cis and trans 116-117 peptide bonds,
each of which have identical protein structures outside of resi-
dues 112-117 (excluding a disordered loop of residues 44-51).
In each structure, residues Val 111 and Asn 118 adopt identical
conformations in which these 2 residues participate in the same
interactions with the rest of the protein context. Val 111 is bur-
ied within the protein surface making multiple intramolecular
packing contacts, as well as forming several backbone hydro-
gen bonds to the nearby 3-sheet (Kinemage 2). Asn 118 is rigidly
fixed by hydrogen bonds between its side chain and nearby res-
idues of the protein structure. The amide nitrogen proton forms
a hydrogen bond to the backbone carbonyl oxygen of residue

Fig. 1. Anchorage of the residue 112-117 loop in nuclease A and its variants. A: Backbone trace for the superimposed X-ray
crystal structures of nuclease A and 7 variants, K116A, K116G, K116E, K116D, P117G, P117A, and P117T. These 8 proteins
represent 5 different conformations in the 112-117 loop. The local conformational changes that occur in each variant are con-
fined to the 112-117 loop by the anchoring residues, Val 111 and Asn 118. These residues are shown with their side chains. Each
of the variant structures were superimposed over the nuclease A structure by minimizing the differences between the coordi-
nates of the a-carbons of all residues except those in the loop of mutation (residues 111-119) and those of a disordered loop
(residues 44-51). B: Details of the nuclease A structure near Asn 118. The backbone atoms of residues 77-80 and 114-120 are
shown along with the side-chain atoms of Pro 117 and Asn 118. Carbon atoms are rendered in white, nitrogen atoms are light
gray, and oxygen atoms are dark gray. The 2 anchoring hydrogen bonds of Asn 118, from the 6-oxygen to the backbone nitro-
gen of Gly 79 and from the é-nitrogen to the backbone carbonyl oxygen of Glu 80, are shown in dashed lines.
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80, and the §-oxygen of Asn 118 bonds to the backbone nitro-
gen of residue 79 (see Fig. 1B and Kinemage 3). The conserva-
tion of these interactions through all of these mutations suggests
that they form the basis for anchorage of the loop ends.

Aside from these endpoints, there is little specific interaction
between the loop of residues 112-117 and the rest of the pro-
tein context. The only other contacts made between this loop
and the rest of the protein occur between Pro 117 and Gly 79
from a nearby loop, and Val 114, whose side chain is oriented
toward the protein and packs loosely with the side chains of
Leu 38 and Glu 122. The side chains of Tyr 113, Tyr 115, and
Lys 116 all extend into the solvent and have no contact with the
rest of the protein.

We suggest that the anchoring residues, Val 111 and Asn 118,
force the ends of the loop segment to positions that allow only
strained backbone conformations, the most favorable of which
is the native conformation with a cis 116-117 peptide bond.
There are several lines of evidence supporting this hypothesis.
Mutations in the loop segment that reduce the conformational
restrictions of this segment, such as K116G (Hodel et al., 1993)
and P117G (Evans et al., 1987; Hynes et al., 1994), increase the
fraction of the trans population while also increasing the sta-
bility of the protein. Mutations within the loop that do not
change the intrinsic backbone conformation space of the pro-
tein, such as K116A (Hodel et al., 1993), have little effect on the
stability or the cis/trans equilibrium. If the protein is destabi-
lized through mutation outside of the loop (Alexandrescu et al.,
1990) or through solvent conditions (Alexandrescu et al., 1989)
the fraction of the trans configuration increases. It is our hy-
pothesis that destabilizing the protein reduces the rigidity of the
loop end anchorage, allowing frans conformations with less
strain to appear.

Here we wish to test the importance of the anchorage of the
loop ends in the cis/trans equilibrium through site-directed mu-
tagenesis. Asn 118 of nuclease was selected for mutagenesis be-
cause the only anchoring interactions in which it participates
involve the side-chain amide group. The Asn 118 side chain both
donates a hydrogen bond, from the §-nitrogen to the backbone
carbonyl oxygen of Glu 80, and accepts a hydrogen bond, from
the amide nitrogen of Gly 79 to the é-oxygen (see Fig. 1B and
Kinemage 3). We replaced Asn 118 with aspartate, alanine, and
glycine. Aspartate is structurally very similar to asparagine, but
at neutral pH it can only form one of the anchoring hydrogen
bonds seen in Asn 118, namely the accepted bond from Gly 79
to the 8-oxygen. However, at lower pH the protonated carboxyl
group assumes hydrogen bonding characteristics that are very
similar to asparagine. In the protonated state, the aspartate side
chain could form both anchoring hydrogen bonds and adopt a
cis/trans equilibrium similar to that of nuclease A. Alanine can-
not form either of the side-chain hydrogen bonds, but it has
similar limits on its backbone conformation to those of aspar-
agine. Glycine cannot form side-chain hydrogen bonds, and it
has considerably more backbone conformational freedom than
asparagine.

Results

Equilibrium constants and melting temperatures

The histidine H¢! proton region of the NMR spectrum of each
variant is shown in Figure 2. As with nuclease A, 2 resonances
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Fig. 2. Low field region of 490-MHz 'H NMR spectra showing reso-
nances of the 4 histidine H¢! of (A) staphylococcal nuclease A, (B) the
nuclease variant N118D, (C) N118A, and (D) N118G. The backbone am-
ide protons have been exchanged for deuterons, revealing the histidine
H¢! resonances. These resonances are labeled by residue number suf-
fixed with ¢, denoting the cis resonance, and ¢, denoting the trans reso-
nance. The peaks corresponding to histidine residues in unfolded protein
are labeled Unf. Samples are in 200 mM acetic-d;-acid-d-buffered D,O,
pH* 5.3. All spectra were taken at 40 °C on the Yale-490MHz in the
Chemistry Instrumentation Center at Yale University.

appear for the protons of His 8, His 121, and His 124. In nu-
clease A, each of these resonances corresponds to a different
isomerization state of the Lys 116-Pro 117 peptide bond (Evans
et al., 1987, 1989). The assignments of the variant histidine He!
resonances were inferred from the spectrum of the wild-type pro-
tein (Alexandrescu et al., 1988; Kautz et al., 1990), assuming that
the order of the histidine chemical shifts is conserved. These ten-
tative assignments were confirmed through titration with the nu-
cleotide inhibitor, pdTp, and through magnetization transfer.
The addition of Ca** and pdTp to a solution of wild-type nu-
clease (Evans et al., 1989) and the variants K116A and K116G
(Hodel et al., 1993) stabilized the cis conformation in all 3 pro-
teins. Assuming that this effect is conserved in the Asn 118 vari-
ants, solutions of each protein were titrated with Ca®* and the
inhibitor. As shown in Figure 3, the proposed cis resonances of
the N118D variant increased while the trans resonances de-
creased, confirming their assignments. Similar results were ob-
tained for the N118A and N118G variants (data not shown).
Magnetization transfer experiments (Evans et al., 1989) were
performed on selected histidine protons to confirm conforma-
tional exchange (data not shown).

Curve fitting of the histidine region of the NMR spectra (see
Fig. 2) yielded the equilibrium constant and the free energy
change for the cis/trans equilibrium of each protein (see Ta-
ble 1). The trans configuration is more stable in each of the 3



552

H124c
Hi2lc

Unf Hi21t

8.8 8.6 8.4 8.2 8.0
ppm

Fig. 3. Effect of ligand binding on the 'H NMR spectrum of variant
N118D. Both spectra taken at pH* 5.3, 40 °C, in 200 mM deuterated
acetate-buffered D,O. A: No added ligands. B: 10 mM CaCl, and 3 mM
3'.5’-diphosphothymidine (pdTp) added. Intensity can be seen to shift
from the trans form to the cis form resonances as inhibitor is added.

variants where the amino acid at position 118 was altered. Both
N118D and N118G populate the trans conformation at 63% oc-
cupancy with a AAG _, ;ans Of —1.36 kcal/mol relative to nu-
clease A. The fraction of trans molecules in N118A is only 59%
with @ AAG s, rans Of —1.2 kcal/mol from nuclease A.

The melting temperatures of each protein are also shown in
Table 1. T, was defined as the temperature where the unfolded
His H¢! resonances contained half of the integrated histidine
H¢! proton area (see Materials and methods). Each of these
variants is less stable against thermal denaturation than the wild-
type protein.

pH series

The histidine region of the NMR spectrum of nuclease A and
N118D are shown for various pH values in Figure 4. The histi-
dine chemical shifts are sensitive to pH and shift downfield as
the pH decreases. The magnitude of this effect is different for
each histidine and even for the same histidine in different pro-
tein conformations. In Figure 4, the cis His 121 resonance of nu-
clease A shifts downfield more rapidly with decreasing pH than
the trans resonance resulting in the crossing of the resonances

Table 1. Thermodynamic measurements?

% Cis A Gcis—»lrans T,

m
Protein (at 30°C) (kcal/mol) °C)
Nuclease A 87.7 (0.4) 1.2 (0.02) 49 (1)
N118D 31.8 (0.9) —0.45 (0.03) 46 (1)
NI118A 44.8 (0.4) —0.12 (0.03) 43 ()
N118G 27.7 (0.4) —0.56 (0.03) 44 (1)

2 Errors for these values are given in parentheses.
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at pH 4.4. As the protein is destabilized by the lowering pH, the
resonances for the unfolded state increase in intensity. At pH 3.8,
the proteins are mostly unfolded, and the folded histidine res-
onances were too small to resolve and fit accurately.

The relative areas of the cis and trans resonances of His 121
were used to calculate the equilibrium constant at each pH value.
The results of this calculation are shown in Figure 5. The data
show that the trans configuration of nuclease A is stabilized rel-
ative to the cis configuration as the pH is lowered. In N118D,
the opposite effect is seen. The cis configuration appears to be
stabilized relative to the trans configuration as the pH decreases.
For each protein, the shifts in the equilibrium are significant
compared to the errors in the measurement.

Discussion

Variants are less stable and adopt a greater fraction
of trans conformations

Each of the nuclease variants —N118G, N118A, and N118D—
is less stable than the wild-type protein, and each of these vari-
ants favors the trans 116-117 peptide bond over the wild-type
cis isomer. This suggests that the 2 hydrogen bonds of the na-
tive Asn 118 side chain are important to the overall stability of
the protein and to the stability of the cis configuration over that
of the trans configuration. Each variant is examined in detail
below.

N118G

N118G cannot make the 2 hydrogen bonds found between
Asn 118 and the residue 79-80 loop (see Fig. 1B and Kine-
mage 3). The loss of this constraint at the C-terminal end of the
112-117 loop should allow for much greater flexibility of the
loop. This flexibility is further increased by the lack of steric re-
striction in the conformation of Gly 118. We hypothesize that
this increase in flexibility at the C-terminal end reduces the stress
imposed on the 112-117 loop by the rest of the protein. With-
out the anchorage at residue 118, the loop is allowed to find a
trans conformation that is less strained than the configuration
of the wild-type protein.

The 112-117 loop still exhibits some strain in N118G, as the
equilibrium (27% cis) favors the cis conformation more than
the unfolded nuclease (Evans et al., 1987), a model peptide of
the loop segment (Raleigh et al., 1993), or the mutant K116G
(Hodel et al., 1993) (all 20% cis). Thus the residues further down
the chain must restrict the position of the C-terminal end of the
loop such that stress is still imposed upon the 112-117 segment.

N118A

Similar to N118G, N118A cannot make the anchoring hydrogen
bonds of the wild-type asparagine; however, the alanine at res-
idue 118 is sterically restricted, relative to glycine, by its 3-methyl
group. This restriction reduces the number of conformations
with a trans Lys 116-Pro 117 peptide bond, which the 112-117
loop may sample, possibly forbidding favorable conformations
allowed in N'118G. This possibility is consistent with the decrease
in the stability of N118A compared to N118G. The replacement
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Fig. 4. Effect of changing pH on the '"H NMR spectrum of nuclease A and variant N118D. All spectra taken at 30 °C in 20 mM
deuterated acetate, 20 mM deuterated formate-buffered D,O. A: pH* 5.3. B: pH* 5.0. C: pH* 4.7. D: pH* 4.4. E: pH* 4.1.
In each spectrum, the resonances for His 121 are labeled ¢, for the cis resonance, and t, for the frans resonance.

of a glycine residue with an alanine residue should decrease the
configurational entropy of the protein in both the folded and
unfolded state. If this entropic change affects the folded and un-
folded state equally, there would be no difference in the entro-
pic contribution t0 AGgenaruration fOr N118G and N118A.
However, one would expect that this mutation would have a
more pronounced entropic effect on the unfolded state due to
the conformational restrictions inherent to the native state. If
the entropic effect of the mutation is greater in the unfolded
state, AGgenaturation Of N118A would be greater than that of
N118G. Because N118A is less stable to denaturation than
N118G, the alanine at position 118 must adopt a configuration
that is enthalpically unfavorable compared to that of the gly-
cine. The greater steric hindrance of the alanine could then be
responsible for the increased relative stability of the cis config-
uration in N118A compared to the equilibrium in N118G.

NI118D

N118D could theoretically satisfy 1 of the 2 hydrogen bonds
found in the wild-type structure, namely, the bond from the 118
side-chain 8-oxygen to the backbone nitrogen of residue 79. We
assume that this hydrogen bond is present in the cis conforma-
tion, modeling this conformation after that of the wild-type pro-

tein. It is unclear whether this hydrogen bond exists in the frans
form of the protein. AG . ,rq,s is slightly smaller in N118D
compared to N118A. One would expect that the family of back-
bone conformations available to both alanine and aspartate
would be similar. Thus, the primary differences between the con-
formations of N118A and N118D would originate in the inter-
actions of the aspartate side chain with its environment. Thus,
if the single hydrogen bond exists in the trans form of N118D,
the addition of the hydrogen bond to one of the trans confor-
mations available in N118A would have to stabilize this confor-
mation more than the addition of a hydrogen bond to the cis
conformation, if it is similar in nuclease A, N118A, and N118D.
Because the difference in AG,;_,,..s between N118D and
N118A is small (0.33 kcal/mol), such a situation is conceivable.

If the Asp 118-Gly 79 hydrogen bond does not exist in the
trans form of N118D, the difference in AG;_,,,,s between
N118A and N118D could be due to the solvation energy of the
aspartate side chain. Without this hydrogen bond, the side chain
of Asp 118 could easily extend into the solvent. The § nitrogen
and oxygen of Asn 118 are nearly buried in the conformation
found in wild-type nuclease A. If we assume that the cis con-
formation of N118D is similar to the wild-type conformation,
then the solvated frans conformation of N118D could be stabi-
lized in favor of the cis conformation, which would bury the
charged § oxygens.
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Fig. 5. Graphs of the fraction of the cis form found in (A) nuclease A
and (B) N118D, along with the errors in this measurement, as a func-
tion of pH. The fraction of the cis form was calculated from the areas
of the well-resolved His 121 resonances of the spectra shown in Figure 4.
Values and errors were calculated by nonlinear least-squares curve fit-
ting (see Materials and methods). No value is reported for nuclease A
at pH 4.4 because the His 121 resonances were not resolved.

Protonating D118 stabilizes the cis conformation

Protonation of the D118 side chain gives the aspartate hydro-
gen bonding character very similar to that of asparagine. A pro-
tonated aspartate at position 118 could accommodate both the
hydrogen bond to the amide nitrogen of Gly 79 through the un-
protonated oxygen, and the hydrogen bond to the oxygen of
Glu 80 through the protonated oxygen. Thus, one would expect
that a decrease in the pH toward the pK,, of the aspartate side
chain would cause the AG_ ;s qns of N118D variant to ap-
proach that of the wild-type protein.

We tested this hypothesis by measuring the cis/trans equilib-
rium in both the wild-type protein and the variant N118D as a
function of pH between 4.1 and 5.3. In the wild-type protein,
the trans configuration is stabilized relative to the cis configu-
ration as the pH is decreased. This effect was also seen in ear-
lier work by Alexandrescu et al. (1989) and can be explained by
our stress and strain model (Hodel et al., 1993). Establishing the
cis conformation depends on the rigid anchoring of the end
points of the 112-117 loop by the overall fold of the protein.
As the protein is destabilized, the ends are not anchored as rig-
idly, allowing frans conformations with less strain to be populated.

In the N118D variant, the cis conformation is stabilized rel-
ative to the trans conformation as the pH decreases. This sug-
gests that the protonated Asp 118 is forming the 2 anchoring
hydrogen bonds seen in the wild-type protein, stabilizing the cis
conformation over the trans configuration. Thus, by replacing
Asn 118 with aspartate, the rigid anchorage of the C-terminal
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end of the 112-117 loop is reduced by the removal of at least
one of the anchoring hydrogen bonds, resulting in an increase
in the fraction of frans conformations seen in solution. By
protonating the aspartate side chain, the wild-type hydrogen
bonding pattern is restored, and the anchor-dependent cis con-
formation is stabilized. If this analysis is correct, N118D is a pH-
dependent “conformation switch” where high pH favors the
trans conformation and low pH favors the cis conformation. In
reality, the application of this switch is limited by the denatur-
ation of N118D at a pH near the pK,, of an aspartate side chain
(~pH 4).

Summary

The nuclease variants N118D, N118A, and N118G test the con-
tribution of the 2 side-chain hydrogen bonds of Asn 118 to the
equilibrium between the cis and trans forms of the residue 112-
117 loop. In each case, one or more of the Asn 118 hydrogen
bonds were removed and the frans configuration was stabilized
relative to the cis configuration. By protonating the Asp 118 side
chain of N118D through decreased pH, the hydrogen bonding
character of Asp 118 approached that of Asn 118 in nuclease
A, and the cis configuration was stabilized relative to the trans
configuration.

These results, along with other studies, suggest that in the de-
termination of a protein loop segment’s conformation, the
major contribution of the protein context is the positioning of
the loop ends. A search of conformational space for short
peptide segments taken from known protein structures has
proven successful in modeling the correct polypeptide backbone
geometry when the ends of the segment are constrained to join
the remaining structure (Chothia et al., 1986; Fine et al., 1986;
Moult and James, 1986; Bruccoleri & Karplus, 1987). Wolfson
et al. (1993) found that when a loop segment from 1 protein is
transferred to a structurally homologous protein, the loop in the
chimeric protein retains its original function. Hynes et al. (1989)
found that when the S-turn segment from concanavalin A is
transplanted into a turn site in staphylococcal nuclease with the
same loop end geometry, the turn segment adopts its original
conformation.

The segment of residues 112-117 in nuclease A provides a
promising model system for study of the basic principles that
determine polypeptide conformations. Such studies will be im-
portant in the rational design or redesign of protein molecules.

Materials and methods

Preparation of the nuclease variants

The nuclease A gene was subcloned into M13mp18 to produce
single-stranded template DNA. The N118G mutant was pre-
pared by primer-directed mutagenesis using synthetic oligonu-
cleotides (Zoller & Smith, 1983). Plaques were screened by
differential hybridization using 5’-3?P-labeled oligonucleotides
and sequenced to verify the mutation. The N118A and N118D
mutants were prepared by PCR mutagenesis using synthetic oli-
gonucleotides (Higuchi, 1990) and were sequenced to verify the
mutation. The mutant genes were subcloned into the plasmid
pAS1 and expressed in Escherichia coli, and the protein was pre-
pared as described (Evans et al., 1989).
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!H-NMR determination of cis/trans equilibrium

Ten to 30 mg of lyophilized protein was resuspended in D,O
and adjusted to pH* 5.3 (pH* refers to glass electrode meter
reading uncorrected for deuterium isotope effects [Bundi &
Wiithrich, 1979]). The sample was then heated to 10 °C above
the T,, for 5 min to facilitate exchange of labile protons, and
any precipitate was removed by centrifugation. The deuterated
protein was lyophilized again and resuspended in 0.5 mL of
200 mM acetic-d;-acid-d buffered D,O, pH* 5.3, with 1 mM
TSP (trimethylsilylpropionate; Aldrich) as a chemical-shift ref-
erence. Trace precipitate, if present, was removed by centrifu-
gation before transferring to a 5-mm NMR tube.

The assignments of the H¢! histidine peaks were performed
by comparison to the wild-type protein spectrum. The reso-
nances that corresponded to the cis and the trans conformations
were differentiated by the addition of Ca?* and the competitive
inhibitor 3’,5’-diphosphothymidine (pdTp). Conformational ex-
change between the cis and trans peaks of individual histidine
protons was confirmed through magnetization transfer experi-
ments (Evans et al., 1989). Spectra were transformed and ana-
lyzed using the program Felix (Hare Research).

The fraction of molecules with a cis Lys 116-Pro 117 peptide
bond was obtained from the relative areas of the resolved his-
tidine resonances of spectra acquired at 30 °C. The nonlinear
least-squares curve fitting of the Lorentzian lines was performed
using the Leverberg-Marquardt algorithm (Press et al., 1986).
Errors in the fitting parameters were estimated by applying nor-
mally distributed shifts to the experimental data and repeating
the curve fitting to yield a distribution of fitting parameters. The
AG values for the cis/trans equilibrium were obtained using
AG = —RT In K, where K is the equilibrium constant for the
isomerization from cis to trans.

Temperature series

NMR spectra of the 3 variants of nuclease in 200 mM acetic-ds-
acid-d-buffered D,O, pH* 5.3, were prepared as described
above. The T, was first estimated from a series of spectra with
5- or 10- °C temperature increments. The 7,, was then accu-
rately determined from a series of at least 10 spectra with 2 °C
temperature increments, long temperature equilibration, and ad-
justment of shims before each acquisition. The relative preci-
sion of temperatures in a series was +0.1 °C; the absolute
accuracy of the temperatures of any series is within 0.5 °C.
Areas of histidine resonances of unfolded protein were mea-
sured from spectra by curve fitting. The equilibrium constant
of folding (K') was determined for each temperature through
nonlinear least-squares fitting as described above. These values
were plotted with uncertainties on a van’t Hoff plot, In(X) vs.
1/T. The T,, and its uncertainty were determined from the
In(K') = 0 intercepts of the best fit and worst acceptable fit lines.

DH series

One hundred eighty milligrams of lyophilized nuclease A and
N118D protein was suspended in D,0 and heated to 10 °C above
the T, for 5 min to facilitate exchange of labile protons. The
deuterated protein was lyophilized again and resuspended in
3 mL of a buffer composed of 20 mM acetic-ds-acid-d and
20 mM Na-formate-d. Starting from pH* 5.4, these solutions
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were titrated with DCl and NaOD to pH* 5.3, 5.0, 4.7,4.4, 4.1,
and 3.8. At each pH* value, a 0.5-mL aliquot was taken for
'H-NMR analysis. The cis/trans equilibrium was then deter-
mined through curve fitting as above.
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